INTRODUCTION
A key priority of the EU Circular Economy Action Plan is improving resource efficiency in the EU. The move towards a circular economy (CE) requires integrating life cycle thinking in product design and all subsequent life cycle stages in order to enable efficient recycling, recovery, repair and re-use (European Commission, 2015) . The basic principles of the circular economy include creating economic growth and increasing the well-being of people, while reducing resource use and greenhouse gas emissions, and operating within the planetary boundaries (European Commission, 2015) .
However, several barriers hindering the transition towards a CE have been identified. These barriers are diverse and include technical, economic, institutional and social aspects (de Jesus and Mendonça 2018) . According to Preston (2012) , barriers to implementing CE include inter alia failures in company co-operation and limited dissemination of innovation. Other review studies mention information deficits (Rizos et al., 2015) , minor consumer and business acceptance and a lack of awareness and information (Vanner et al., 2014) as the main barriers to CE.
Since the recycling chain consists of a series of processes handled by different actors, finding potential solutions to circular economy challenges requires co-operation along the value chain (Bacher et al., 2016) . From a policy maker's perspective, transition towards a CE therefore may require balancing between trade-offs in economic, social and environmental sustainability related to material recycling and potential conflicts in stakeholder interests.
Methods for Multicriteria Decision-Making (MCDM) have been developed to help decision-makers to identify and select preferred alternatives when faced with a complex decision problem that is characterized by multiple objectives (Seppälä et al., 2002) . In the context of the circular economy, MCDM methods could provide potential means for prioritising policy options and alternative implementation routes, which take into account the views of various stakeholders who are affected by the policies and who are in a key position to advance the circular economy. This paper discusses the potential of structured group decision-making methods to support cooperation between stakeholders and create learning that would be necessary in order to tackle the bottlenecks faced in the recycling value chains. The empirical part of the paper is based on two MCDM exercises in which bottlenecks that hinder efficient recycling of end-of-life vehicles and plastic packaging waste were evaluated and prioritized.
Previously, MCDM methods have been used in the context of waste management, especially for selecting preferable waste management strategies and locations (Goulart Coelho et al., 2017; Morrissey and Browne, 2004; Rousis et al., 2008; Soltani et al., 2015) . According to a review of 68 studies by Soltani et al., (2015) , the number of MCDM studies incorporating group decision-making has significantly increased during the past decade while less attention has been given to the interaction between the stakeholders involved. The importance of the latter arises from the diverse and conflicting interests of the decision-makers involved, which makes reaching an agreement challenging. Indeed, depending on the hierarchy and competitive positions of the stakeholders, each decision-maker considers the decisions of others on top of their own preferences.
Involving multiple stakeholders in shared decision-making can have a positive impact on the results. Van den Hove (2006) stated that participatory approaches in the current MCDM methods increase the transparency and fairness of the results. In addition to building consensus, MCDM methods can be used to highlight the diverse interests of the participating stakeholders (Kiker et al., 2005) . In a participatory process, understanding the differences in opinions and preferences may be as important as reaching consensus.
The approach presented in this paper differs from earlier studies, since the aim of the MCDM exercises was to enable more efficient recycling and circular use of resources, by evaluating the bottlenecks identified within the value chains. By prioritising the bottlenecks, future policy and research actions could be targeted to activities which would lead to the most positive impacts in the whole value chain.Thus, the focus of the studies is not only on the end of the life cycle (for example in selecting a preferred waste management system or facility location), but also on the life cycle as a whole, since the bottlenecks were located in different parts of the life cycle.
The use of MCDM methods in the context of circular economy studies is still rare, even though the amount of literature discussing CE is growing rapidly. Thus, our case study brings an additional contribution to the expanding CE research, by applying MCMD methods within the context of two recycling value chains, and it focuses the assessment on the level of a supply chain. In their analysis of altogether 565 CE related journal articles, Merli et al., (2018) found that the majority of the papers the evaluated were modelling studies and case studies, and that the methods most commonly applied included Life Cycle Assessment (LCA) and Material Flow Analysis (MFA) types of methods. Almost half of the studies analyzed belonged to the category "Tools, models, framework and methods for decision-making, consisting of studies developing theoretical or empirical instruments and approaches to evaluate and develop CE (Merli et al., 2018) . Interestingly, MCDM methods were not mentioned among the applied methods, although providing decision support for evaluating and developing the circular economy was a popular theme. Another finding was that most CE studies were focused on the macro-level (society, country) or on the micro-level (corporate and/or consumer level), and only a small number was focused on a supply chain in which more firms would be involved (Merli et al., 2018) .
While potential barriers and success factors related to CE concepts have been studied on several occasions (for a review see, e.g. Winans et al., 2017) , participatory, group decision-making methods have not been used in this context. Mahpour (2018) used a similar approach and applied a MCDM method (fuzzy topis) for prioritising barriers for adopting circular economy in construction and demolition waste management. However, in this exercise, expert opinions were collected using a survey, and thus the interaction between the experts was not included in the study. Zhao et al., (2017) used a hybrid MCDM approach to evaluate and rank potential environmental, economic and social benefits of eco-industrial parks in China. In their study, expert opinions were used to build an evaluation index system based on evaluations collected from experts representing several different fields. Also in this context, expert opinions were collected using questionnaires instead of group decision-making.
Thus, the main contribution and novelty value of this paper is to discuss potential benefits and challenges when applying group decision-making methods in the context of circular economy problem solving. The paper is structured as follows: Chapter 2 describes the case study and the evaluated value chains. Chapter 3 presents the applied MCDM approach and explains how the empirical case study was conducted in practice. Chapter 4 presents the case study results and related learnings, together with the considerations related to the limitations of the study. Conclusions are presented in Chapter 5 together with the potential policy implications and recommendations, which are considered as the main contribution of this study.
CASE DESCRIPTION

Introduction and context
The empirical part of the paper is based on a case study in which group decision-making methods were applied to evaluate and prioritize bottlenecks within two recycling value chains: End-of-Life Vehicles (ELV) and Plastics Packaging Waste (PPW). Identification of the bottlenecks was conducted in the context of a recent EU Horizon 2020 project NEW_InnoNet. In the project, two different value chains were selected in order to understand whether the bottlenecks were specific to a waste stream or whether there were commonalities between the value chains, and consequently, if some uniform solutions could be found which might help in solving the challenges faced in the recycling chains in general, despite the waste stream.
Bottlenecks were defined as factors that limit the performance and efficiency of the value chain and thus prevent or limit the move towards a near zero-waste value chain and circular economy. As part of the study, expert workshops were organized to discuss and prioritize the bottlenecks in the evaluated value chains. In the workshops, structured group decision-making methods were applied.
Evaluated value chains: End-of-life vehicles and Plastic packaging waste
MCDM exercises were carried out for two recycling value chains: End-of-life vehicle (ELV) and plastic packaging waste (PPW). In Europe both of these waste streams are under the Extended Producer Responsibility (EPR) schemes which govern the end-of-life management through the ELV and PPW directives (Directive 94/62/EC; Directive 2000/53/EC). In general terms, value chains comprise actors that perform operations to deliver valuable concentrates/products or services to the market. Within the context of recycling and waste management, the value chain begins at the point where the consumer discards the product thus creating waste. Furthermore, if reuse is not possible, due to the loss of functionality, the theoretical value potential of waste equals the value of material. This drives the recycling industry together with increasing disposal costs, increased public concern about the health and environmental impacts of waste disposal as well as the fear of future scarcity of certain natural resources to separate valuable materials and concentrates for the refining industry for element recovery and refining (van Beukering et al., 2014) . Commonly, the value chain ends at the point where material is semi-finished goods. A schematic description of a general recycling value chain is presented in Figure 1 .
Typically, the first operation after discarding the product is collection, which aims at collecting maximal amount of waste to be treated properly. This step is realized by waste management companies and different collection points. In order to meet the requirements of EPR schemes, manufacturers commonly establish Producer Responsibility Organizations (PRO) which are responsible for taking back used goods and for sorting and treating for their eventual recycling (Monier et al., 2014) . However, in practice PROs may purchase the collection from a third party such as a waste management company. Collection methods vary between the waste streams. For PPW it can be arranged by separate collection, deposit system, kerbside collection or at various collection points (da Cruz et al., 2014; Dahlbo et al., 2018; Groot et al., 2014; Hahladakis et al., 2018) . For ELVs, the collection is often managed by specific collection points. During the ELV collection, a depollution step is usually carried out to remove fluids, tyres, batteries and other possible hazardous components which are required by the ELV directive (Directive 2000/53/EC).
After collection, sorting and mechanical treatment are carried out to separate possible components/parts for reuse and to separate valuable materials which can be different metals in the ELV value chain and different plastic types for the PPW chain for further refining as well as removing harmful components for proper disposal (Inghels et al., 2016; Shen and Worrell, 2014) . Especially for the ELV value chain, parts or components may be removed for reuse or separate treatment prior to the shredding process (Andersson et al., 2017a; Inghels et al., 2016) . Commonly, recycling companies are responsible for this stage. Finally, valuable concentrates from ELV recyclers are refined for intermediate products such as steel billets for the manufacturing industry. In metals production, different smelters and metallurgical companies carry out the refining (Andersson et al., 2017a) . In plastics production refining includes melting or processing which is conducted by plastic converters (Shen and Worrell, 2014) . In Table 1 , a summary of typical characteristics of ELV and PPW streams is presented.
The nature of ELV and PPW differ significantly, especially considering the average product size and lifespan (Table  1 ). In addition, material composition of the waste stream is different. This together with the waste generation affects Table 1 are based on statistical data that does not take into account emerging quantities outside official monitoring. By looking at recycling rate targets, beside the high metal content of cars, the long history of ELV recycling (Andersson et al., 2017b) reflects in the high recycling rate targets compared with the PPW which has gained attention only during the last decade. Despite the current relatively high recycling rate for ELV, complex vehicle design integrating materials together and the increasing share of light materials generate challenges for current and future recycling (Soo et al., 2017) . On the other hand, increasing valuable and scarce metal concentrations due to electrification of vehicles generate opportunities for recycling scarce metals that are currently lost (Andersson et al., 2017a) . To further increase the recycling rate in the PPW chain, key challenges include reaching better quality recycled materials despite the complexity of the input materials. This can be achieved through good integration of collection, recovery and separation technology (Shen and Worrell, 2014) .
Bottlenecks identified in the value chains
Industrial experts and researchers identified the bottlenecks within the value chains prior to the prioritization exercises. The bottlenecks that hinder or limit the transition towards a zero waste society and circular economy were both technical and non-technical (financial, organizational, political, legal or societal) in nature. Further, they affected several points of the value chain. Altogether 10 bottlenecks were identified within the PPW chain, and 15 within the ELV chain. All the bottlenecks were presented and discussed during the expert panel workshops, and participating experts acknowledged the existence of these bottlenecks. However, due to the lack of background data and availability of measured information on the potential impact of bottleneck removal, only 5 out of 10 identified bottlenecks in the PPW chain and 5 out of 15 identified bottlenecks in the ELV chain could be evaluated within the MCDM exercise. In Table 2 , bottlenecks that were included within the prioritization using MCDM are presented with a short description. Excluded bottlenecks are listed below the table.
Bottlenecks identified in the PPW value chain but excluded from the prioritization were:
• Lack of common calculation methodology to calculate EU recycling targets, including more measuring points (collection, sorting and recycling) to efficiently measure the material flow; • Supply of highly heterogeneous and/or contaminated plastics from collection leading to downcycling and high rejection rates; • Lack of market trust in products containing recycled plastics; absence of quality requirement (end of waste criteria) for recycled plastic waste, on both the supply and demand side; • Product standards limiting the use of recycled material • Uneven playing field for environmentally sound recycling plants because of non harmonized EU legislation in Member States and regions.
Bottlenecks identified in the ELV value chain but excluded from the prioritization were:
• Lack of accreditation and standardization for ELV recycling operators; Geyer et al. 2017; Eurostat, 2018a; Eurostat, 2018b; Inghels et al., 2016; Worrell, 2014 ).
• Total arising from ELVs is dropping and ageing, due to 'fewer accidents', higher safety measures and vehicle exports to foreign destinations (outside the EU).
The bottlenecks included in the MCDM were selected based on the ability to measure their potential impacts in quantitative terms. This was considered as a limitation, but the participants approved the decision. Practical and methodological reasons for excluding part of the bottlenecks and reducing the applied evaluation criteria are further discussed in Chapters 3 and 4.
MATERIALS AND METHODS
Applied MCDM methods
The ability of MCDM methods to produce viable results is based on breaking down complex problems into manageable components, which usually are, as reviewed by Goulart Coelho et al., (2017), (i) goal and scope definition; (ii) theoretical framework definition; (iii) criteria and indicators selection; (iv) data normalization; (v) weighing attribution, and (vi) sensitivity analysis. When applied for group decision-making, MCDM can be used to highlight the similarities and potential causes of conflicts between stakeholder views, and thus improve a shared understanding of the problem (Kiker et al., 2005) .
There are many different systematic MCDM methods available for evaluating alternatives based on multiple criteria. However, they often share a similar approach to structuring the decision problem into a set of alternatives and a goal that can be divided into non-redundant lower level objectives and related criteria (Kiker et al., 2005) . Consequently, a matrix of alternatives and their performances in each criterion can be created (Figure 2 ). MCDM methods (for problems where an alternative needs to be selected or ranked) can be divided into value-based, outranking-based or reference-based methods (Goulart Coelho et al., 2017) . The value-based methods produce a single aggregated numerical score for each alternative on a cardinal scale, while outranking methods aim to compensate for less easily measured criteria performances by indicating the extent of how much an alternative dominates another (Kiker et al., 2005) . Reference-based methods indicate the best or worst alternative by measuring their distance to an ideal or worst possible solution (Goulart Coelho et al., 2017) .
Two value-based methods, the Analytic Hierarchy Process (AHP) (Saaty, 1980) and Multi-Attribute Utility and Value Theories (MAUT/MAVT) (Dyer and Sarin, 1979; Keeney and Raiffa, 1994) were used in this study. According to a recent review by Soltani et al., (2015) , the Analytic Hierarchy Process (AHP) (Saaty, 1980) was by far the most commonly used MCDM method in waste management studies involving multiple stakeholders, followed the by outranking methods PROMETHEE and ELECTRE and the reference level model TOPSIS. Contrary to the preceding, however, Goulart Coelho et al., (2017) reported in their review study that the Multi-Attribute Utility and Value Theories (MAUT/ MAVT) (Dyer and Sarin, 1979; Keeney and Raiffa, 1994) were the second most common MCDM methods in waste Part of the plastic packaging waste ends up in disposal or incineration due to technology not being able to sort new packaging product designs. The root causes are presence of unwanted substances in the plastic waste streams, high cost for removing them and finally product development going faster than the recycling technology development.
PPW Performance of recycling technology
Part of the plastic packaging waste is ending up in disposal or incineration due to slow development in the recycling technology, reducing the yield of recycling.
ELV
Inadequate performance of the separation, sorting and refining technology Vehicle (material) innovation in the construction phase leads to higher levels of intermingled, alloyed and glued material particles. New components are required to be lighter by weight, but with similar or better operational performance. In the current recycling system, this leads to a higher degree of materials with overlapping properties ELV Inadequate performance of vehicle dismantling and reuse application Construction complexity and smart connected parts leads to higher effort required to dismantle components for a reuse application. High-voltage components require more safety measures by the collection and dismantling chain. The opportunity to dismantle parts for material recycling decreases as intrinsic material value is depleted
Limited and low quality application outlets of non-metallic ELV materials
Economic and technical feasibility to sort, separate and refine non-metallics is low due to the heterogeneous composition of 'shredder output'. Materials are sorted, and due to their low economic value, can only be recycled in low-grade applications
ELV Inadequate performance of ELV collection and monitoring
Interpretation of what actually an ELV is, how it should be recycled and how the recycling sub quota should be monitored and judged depend on many factors. This creates unclarity for stakeholders and provides incentives for substandard treatment. It further results in a lack of reliable data availability on vehicle registration and composition, ELV arising and vehicle / ELV trade ELV Low-cost of energy recovery and landfilling alternatives compared to material recovery
In some EU Member States, overcapacities (and competition) in incineration facilities and landfill deposits, as well as low taxation rates, lead to low gate fees. This creates an uneven playing field compared to material recycling, of which the operational costs are usually higher than for incineration and disposal.
TABLE 2: Bottlenecks included in the priorization exercise. (Bacher et al., 2016) . management studies. The most common usage of AHP and MAUT/MAVT in the studies reviewed by Goulart Coelho et al., (2017) was the selection of a facility location. Both MAVT and AHP are optimization methods that produce an aggregated overall numerical score of each alternative in a single cardinal scale (Kiker et al., 2005) . In the case study, both MCDM exercises were carried out as group exercises during a two-day expert panel workshop. The time available for group discussions and reaching consensus, together with the availability of background data affected the selection of the MCDM methods.
For the plastic packaging value chain, MAVT was chosen due to availability of detailed numerical data on the bottleneck performances in a defined set of criteria. In MAVT, the Decision Maker's (DM's) preferences are modelled as value functions and their weights (Equation 1). A value function transforms any measured variable to a number representing its subjective value for the DM. The value functions were assumed linear in the study, as their detailed elicitation was judged too time-consuming for the time and resources available.
According to MAVT, the overall value of an alternative is calculated using the additive value function:
(1)
Where:
is the overall value of an alternative, is the normalized value of a criterion performance of an alternative and is a weight given for a criterion.
and (3) apply for the normalized value functions. equals the worst and the best performance level for each criterion (in Equations 2 and 3).
Criterion weight reflects the increase in overall value when the criterion performance is changed from the worst level to the best . The following equation applies for the criteria weights (Equation 4):
The weights were taken as averages of the individual DM's answers during the Expert Panel Workshops (EPWs). The DMs' preferences were elicited using trade-off weighing. The DMs were asked to compare the best possible performance in each criterion against an equally valued hypothetical performance in the most important criterion. Before presenting the trade-off questions, the most important criterion was selected as a shared decision by the expert panel.
Less data was available in the ELV value chain on the criteria performances of the bottlenecks, thus demanding expert judgement during the EPWs. Consequently, the AHP method was applied to ELV value chain in order to prioritize the identified bottlenecks. In AHP, a DM forms local priorities by comparing the importance of each same level elements (alternatives or criteria) against each other regarding each element on the next level upwards (lower levels objectives or the main objective). In the EPW on the ELV value chain, the DMs were first asked to compare the importance of each criterion in achieving the goal. Once this was done, all the alternatives (bottlenecks) were compared against each other regarding their performances in each criterion. The fundamental scale from 1 (equally important) to 9 (extremely more important) presented by Saaty (1980) was used in the comparison of same level elements.
Selection of the expert panel and organization of the decision-making exercises
Invitations to the workshop were sent to selected experts and organizations active within the case value chains and acknowledged by the project partners. Therefore, the input to the case study was obtained by non-ran-FIGURE 2: A generic example of a structured decision problem with alternatives evaluated by performances in multiple criteria. dom expert sampling. Experts from universities, recyclers, car manufacturers, environmental protection agencies and both automobile producer and importer agencies were contacted for participation in the ELV workshop. Experts for the PPW workshop were invited from public waste agencies, plastic recyclers and polymer producers, ministries and research institutes. Project partners, including experts who were involved in the bottleneck analysis, definition of the theoretical framework, criteria and indicators or data collection were not included in the expert panels. The workflow of the EPWs is presented in Figure 3 .
Firstly, the value chain and the objective of the MCDM were presented to the expert panel members. Once a necessary understanding of the decision problem and the system boundaries was reached, the decision alternatives (bottlenecks) were presented to the panel members. This was followed by an interpretation of the decision criteria, where the criteria measures' definitions were revisited in order to direct the group of experts towards making comparable decisions. The material on the value chain, MCDM goal and criteria and the bottlenecks was also given to the invited expert panel members before the workshop. Making sure that all participants understood the applied criteria and parameters was necessary so that the model would really be in line with preferences of the decision-makers and that the calculations produced priorities that really represent their preferences (Kangas et al., 2001) .
After ensuring all the expert panel members were sufficiently informed and sharing the same ground about the decision-making problem, the actual elicitation of preferences was begun on the second day of the workshops using the appropriate MCDM method, AHP (ELV value chain) or MAVT (plastic packaging value chain). The resulting criteria weights and performances of the alternatives were subsequently combined to determine the preference order of alternatives. The results were presented to the expert panel to consider whether their preferences indeed were aligned with the final criteria weights and the priority order of the alternatives. An option to make correcting value statements was given to the individual panel members to ensure an agreement on the final priority order of the alternatives.
The expert panel in the plastics value chain consisted of three DMs during the elicitation of the criteria weights. The affiliations of the experts were to a waste recycling company, a national environment institute and an EU-level trade association.
Eight experts participated to the elicitation of weights for the selected evaluation criteria in the ELV value chain. The participants included representatives of companies working in the ELV value chain, related interest groups and associations and researchers working within the field of ELV. Due to time limitations, the elicitation of the bottleneck performances in each criteria of the ELV value chain was conducted after the workshop via an electronic questionnaire sent to all workshop participants. Six of the experts completed the survey and thus participated in prioritizing the bottlenecks. The joint findings from the workshop and the questionnaire were sent to all respondents for information and comments.
The evaluation criteria for the bottlenecks
The goal of the MCDM was to establish the priority order of the bottlenecks to be removed based on their impact on the transition toward a circular economy. The interpretation of the goal and its division into suitable non-redundant criteria was done by the project group. The criteria defined during the planning stage before the value chain analysis covered the economic, environmental and material efficiency effects of the bottlenecks, as these were considered important lower level objectives.
During the identification of bottlenecks and later on in the discussions during the decision making exercise, vague definitions of circular economy and its relation to the zero waste concept were highlighted. Both concepts were discussed and considered to represent similar objectives. At the time of the workshop, the final version of the EU Action Plan for the Circular Economy was not yet available, and thus no official European definition was available. During the discussion with the experts, the move towards a zero waste society was seen as a more concrete definition and goal, and practical for the purposes of the MCDM. Participating experts agreed that a zero waste society aims at promoting the realization of the waste hierarchy (prevention, reuse, recycling, recovery and disposal) to minimize and reduce waste throughout the life cycle of an application. Overall, removing bottlenecks for recycling was considered important in any case, whether the overall goal would refer to a zero waste society or to a circular economy.
In order to carry out the MCDM, the effect of bottleneck removal on the entire value chain had to be assessed. This was found challenging, as information of the material flows within the recycling chains on the European level is inadequate, and total amounts of materials that end up outside the recycling chains are not known. Consequently, many assumptions had to be made and a lot of uncertainty was related to the data and the applied parameter values. However, coping with uncertainty is typical for the MCDM situations and has to be taken into account when conducting a sensitivity analysis and analyzing the results (Kangas et al., 2001) . Within the PPW chain, the effect of bottleneck removal was evaluated based on data available from the literature, and the information was shared in advance with experts who participated in the group decision-making.
The criteria included within the assessment of the PPW chain were:
• Losses of plastics in the recycling system; • Total EU cost of the recycling scenario per ton recycled plastic packaging waste; • Total EU revenues of the recycling scenario per ton recycled plastic packaging waste; • Total of GHG emissions inside the EU due to the recycling scenario per ton waste generated; • Employment (Jobs/ton recycled); • Employment (Total jobs); • Feasibility.
In the ELV chain, the evaluation of importance of the bottleneck removal was carried out by expert panel members based on their own expertise due to the lack of background data. Due to lack of data, also the number of criteria that could be included within the assessment of the ELV chain was reduced and only criteria referring to material savings potential and cost of recycling could be included. The expert panel members formulated the final definition of the criteria for ELV as part of the workshop.
The criteria included within the assessment of the ELV chain were:
• Reducing losses of plastics; • Reducing losses of ferrous metals; • Reducing losses of non-ferrous metals; • Reducing cost of recycling.
RESULTS AND DISCUSSION
The results from the MCDM consist of criteria weightings and the final prioritization of the bottlenecks in the evaluated value chains. Chapter 4.1 presents the results for the plastics packaging chain and Chapter 4.2 the endof-life vehicles chain. Experiences and learnings from the two cases are discussed in Chapter 4.3, as these are considered important for evaluating the applicability of the MCDM methods in this kind of problem solving. The final part of the chapter (Chapter 4.4) considers the limitations of the study and their impact on the results and their usability.
Priorization of bottlenecks within the plastic packaging value chain
The expert panel selected "Losses of plastics" in the PPW recycling system as the most important criterion (Figure 4) . Regardless of the critique expressed on the spatial scope of the criteria, "GHG gas emissions within EU" was judged as the second most important criterion. The weights of these two criteria were clearly distinguished from the rest of the criteria. Even more clearly distinguished was the "Employment per recycled amount of plastic" (jobs/ton recycled) which was by far the least valued criterion.
The results show (see Figure 5 ) that solving the "Limited source separation" of plastic packaging waste would provide most value from among the bottlenecks. This is due to good performance in creating jobs, reducing GHG emissions within the EU, reducing costs per recycled plastic and most of all, reducing the losses of plastics in the recycling system. The value of prioritizing the solving of limited source separation was roughly three times the value of the next most valued alternative, "Improving the performance of separation/sorting technology". "Improving the performance of recycling technology" came third, followed by limiting the "Export of plastic packaging waste" and improving recyclability in the "Product design phase". Of all the alternatives, "Improving the performance of separation, sorting and recycling technologies" had the best feasibility values among the alternatives. In other words, they were judged as the alternatives being the most ready for implementation.
The expert panel, when presented with the criteria weights and total values of the alternatives, were quite content with how their views were translated to the results. The panel members asked to make only minor adjustments to their elicitation answers, and especially the effect of giving more or less value to the feasibility was tested. However, the priority order of the bottleneck remained.
Priorization of bottlenecks within the ELV value chain
In the ELV workshop, "Cost of recycling" gained highest weight whereas "Losses of Fe-metals" was ranked as the least important criterion (Figure 6 ). "Losses of non-Fe metals" was seen as the second most important criterion with a rather significant weight. The weight of "Losses of plastics" criterion was notably lower than for the first two, but was still considered more important than "Losses of Fe metals". In the discussion of the results between experts, the results did not come as a surprise and actually represented rather well the overall impression of the situation.
The outcome of the weighting was a result of the joint discussions during the workshop, and based on the interpretations on the available information. Thus, in practice, the answers given by the experts and consequently the results are dependent on the situation, and would vary in time.
The AHP highlighted (Figure 7 ) "Inadequate performance of vehicle dismantling and reuse application" as the most valued decision alternative of the five bottlenecks analyzed. However, "Inadequate performance of the separation, sorting and refining technology" as well as "Inadequate performance of ELV collection and monitoring" were valued nearly as strongly as the first one. The remaining two bottlenecks of qualitative nature gained clearly lower importance than the three technical ones. A possible reason for this is that the defining and quantifying of these two bottlenecks and their effects are more challenging which may have been reflected in the answers of the experts.
The answers received from the experts varied significantly, and this may at least partly depend of the background of the respondents. Commonly the background of an expert seemed to reflect the importance of the bottleneck. Therefore, it is important to have experts in the analysis from all stages of the value chain. In addition, a broader spectrum of the fields (academic, industry, etc.) of the experts would better take into account both the theoretical and practical point of views.
Discussion: Learnings from the case study
Despite the differences in the material compositions of the evaluated value chains, many similarities between the value chains and bottlenecks were identified. For example, among the important aspects were costs of recycling, unstable demand and low prices of the recovered materials (other than metals). Additionally, many of the bottlenecks related to the heterogenic composition of the input material that presents challenges for recovery and refining of the materials. Although recyclers have limited ability to affect product design, creating guidelines for product manufacturers and designers for taking into account the demands of material recycling could be an effective means in moving towards the more efficient and sustainable use of resources (Bacher et al., 2016) . The importance of product design for improving recycling efficiencies underlines the need for a lifecycle approach that is central within the circular economy concept.
Due to the value chain focus and interlinked nature of the bottlenecks, evaluating their impacts within the value chains was rather difficult for the experts who participated in the workshops. Other challenges related to unclear definitions. Recent studies point out that the circular economy is a rapidly evolving concept and common agreements on necessary guiding principles for action are still missing (Merli et al., 2018) . This highlights the importance of the goal definition for the MCDM, as it has to be clear for all participating experts. In the case of a blurred concept like the circular economy, a more case-specific definition of the circular economy should be created, including potential environmental, economic and social impacts.
Further challenges in applying the MCDM method in practice included lack of data related to the value chains, definition of comprehensive criteria that would be able to cover relevant economic, environmental and social aspects in quantitative terms, and engaging a balanced group of stakeholder representatives in the MCDM exercises. Since the bottlenecks were located along the value chain, there was a need for detailed economic, environmental and social data from each part of the lifecycle. In many cases this data was lacking, event hough great effort was made to collect it. Another important aspect is the balance between different aspects of sustainability within decision-making. Social implications are currently insufficiently presented in circular economy related literature, which is mostly dominated by environmental aspects (Merli et al., 2018) . Criterion weight Criteria FIGURE 4: The criteria weights in the PPW chain. Adapted from (Bacher et al., 2016) .
Group MCDM methods may be helpful in addressing this shortage, since they in principle allow inclusion of economic, social and environmental criteria within the same decision-making context, although this might be challenging to apply in practice.
The findings from the case study highlight that transparent statistics and better information on the material flows within the value chains would be essential for successful use of the MCDM methods, and for advancing circular economy and related research. This would require more efficient monitoring activities and development of uniform waste statistics across the EU, together with new technological solutions that would allow tracking certain materials along their lifecycle. Ideally, addressing decision-making situations typical for the circular economy (covering the product lifecycle and including environmental, economic and social criteria), would require flexible methods capable of addressing both quantitative and qualitative data, and data of different quality. Similar findings have been obtained earlier by Kangas et al., (2001) when evaluating the potential of alternative MCDM methods for increasing consensus building among participants (in the context of forest management). Methods that allow using both low and high quality information in the same problem enable better use of all information that is available and enable more thorough decision support (Kangas et al., 2001 ).
Despite the challenging premises for decision-making faced at the EPWs, the participating experts considered the exercise and related discussions useful and interesting. Having participants with different backgrounds enabled addressing differing viewpoints while still trying to reach consensus. For example, while trade-off comparisons of criteria performances were perceived very difficult, the DMs became more comfortable after the first individual preference elicitations. The discussions within the group continued through the elicitation process. Once all preferences were elicited, the decision-makers felt satisfied with the results. This might have been assisted by two factors: the decision-makers were reassured by the discussions on their preferences, and the views on the meaningfulness of the criteria (based on data availability, limited scope etc.) were also shared by the participants.
Limitations of the study
The observations are based on a small sample of two empirical group MCDM exercises. There were differences in the composition of the expert panels but since the aim of this study was not to compare the results from the two workshops, this was not considered problematic. Furthermore, the participants in both expert panels represented a heterogenous group of stakeholders and thus differing points of view could be integrated in the process. Limita- 
FIGURE 7:
The results from the MCDM in the ELV chain. Adapted from (Bacher et al., 2016) .
tions in availability of background data and ability to measure the impacts of some of the bottlenecks in quantitative terms resulted in reducing the number of bottlenecks and criteria that could be applied in the case study. While this can be considered as a limitation of the process, it simultaneously allowed analys of the challenges that can be faced in such a case study. Even with a reduced number of criteria and bottlenecks, the applicability of the methods could be tested. Most importantly, the participating stakeholders considered the process interesting and useful. Using AHP allowed capitalizing on expert judgement in substituting for the lack of performance data of the alternatives in the selected criteria. In addition to evident issues on confidence in the results, such a decision-making process requires a considerable amount of time and is highly dependent on the selected expert group. Furthermore, the burdensome task in the empirical MCDM required leaving out the social and environmental criteria, other than material losses, which are all central to advancing the circular economy. As each alternative had to be contested against each other in fulfilling each criterion, also the number of alternatives were needed to be kept to a minimum in the empirical setting, thus affecting the results of the bottleneck prioritization.
Similarly, as comparable data is needed for all alternatives for each criterion using MAVT, the unavoidable shortcomings in data availability result in the rejection of criteria and alternatives prior to decision-making. This can lead to reduced transparency in the problem setting and the results. As a consequence, if the methods were applied in a real-life context, e.g. for prioritizing policy actions or implementation alternatives, considerable efforts would need to be dedicated to data collection and impact evaluation prior to the actual decision-making situation.
A methodological limitation to both MCDM cases was the use of linear value functions due to practical limitations. In other words, the non-linearities in the decision-makers' preferences over changes in the criteria performances of alternatives were not elicited. Regarding alternative approaches to AHP or MAVT, popular outranking methods, such as PROMETHEE (Brans et al., 1986) were not assessed. Application of these MCDM methods to group decision-making within CE remains an interesting subject for more research. Consideration of the generally known risks for shortcomings of the MCDM methodologies such as rank-reversals on the addition or removal of an alternative in AHP (Wang and Elhag, 2006) were left outside the scope of this study.
CONCLUSIONS AND RECOMMENDATIONS
The aim of the paper was to evaluate the potential of structured group decision-making methods to support co-operation between stakeholders and create learning that would be necessary in order to tackle the bottlenecks in the recycling value chains. The applicability of two different MCDM methods, AHP and MAVT, was tested for prioritizing bottlenecks in the PPW and ELV value chains. The empricial case study was limited in scope but learnings from the case study provide findings that could be of interest to the circular economy research community, and also for future policy development. While both MCDM methods and the circular economy have been extensively studied before, our understanding is that group decision-making methods have not yet been used in the context of circular economy studies. Thus the main contribution of this paper lies in combining these two approaches.
The experiences gained during the case study, together with the findings from the MCDM literature (see e.g. Kiker et al., 2005; Van den Hove 2006; Soltani et al., 2015) point out that structured group decision-making methods could be an effective means to increase co-operation and integrate views of different actors. In addition, they could promote openness of information and trust between actors in the value chain.
In the future, group decision-making methods could be applied as participatory methods to enable the collection and integration of stakeholder views within circular economy policy development and implementation activities. However, efficient use of the MCDM methods requires tackling some of the method-related challenges that include, for example, demands related to background data and criteria definition. Additionally, inclusion of qualitative data and criteria should be possible, in order to address different elements of the circular economy (environment, economy and society). This will also require that enough resources (time and money) are available to collect necessary background information and conduct the evaluations.
In order to support consensus-building, then applied methods should be capable of integrating the views of a large group of stakeholders, possibly having very different perspectives and backgrounds for evaluating the decision-making problem under study. Since the circular economy covers full product lifecycles, participating experts should represent all parts of the lifecycle, as well as different businesses, authorities, end-users and academia. This might be difficult to handle in practice, and will require commitment from the participating stakeholders. However, bringing together several actors from a supply chain (creating a life cycle view) is an essential element of the circular economy. The number of studies addressing whole supply chains in the circular economy is still limited (see Merli et al., 2018) and thus more research is needed on this topic in the future.
An important contribution from the use of group decision methods should be knowledge exchange and discussion among the participants. This is important since information exchange has been recognized as one of the major constraints to the success or circular economy initiatives (Winans et al., 2017) . Structured group decision-making methods provide occasions for people with various backgrounds to exchange their views and learn how other persons think and what they consider important. Thus, in addition to creating a priority order for decision attributes and available alternatives, understanding the views of others may help us in understanding the impacts of our own actions within the value chain.
